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Abstract
The LHC design performance is achievable only with a ded-
icated beam cleaning system embedded in the lattice. The
effect of the system on the beam loss distribution in the en-
tire machine is studied with emphasis on the two high lu-
minosity insertions. Realistic Monte-Carlo simulations are
described, which include a model for beam halo interactions
with collimators and other components, multi-turn particle
tracking in the lattice, hadronic and electromagnetic shower
simulations, and thermal and stress analyses. Methods to
mitigate beam-induced effects in the interaction regions at
operational and accidental beam loss are proposed, both for
injection and collision conditions.
1 INTRODUCTION
The overall accelerator and detector performance at the
Large Hadron Collider (LHC) [1] is strongly dependent on
the beam loss and background particle rates in machine and
detector components [2]. It was shown that the design per-
formance of a high-luminosity collider is achievable only
with a dedicated beam cleaning system embedded in the lat-
tice [3, 4, 5, 6, 7]. Selected results on beam loss in the LHC
lattice are presented below for various scenarios and beam
cleaning system parameters.
2 BEAM LOSS SIMULATIONS
The calculations are based on the assumption of two high-
luminosity experiments, ATLAS and CMS, operating si-
multaneously in the IP1 and IP5 interaction regions, respec-
tively, at the nominal luminosity of 1034cm−2s−1 each. An
inelastic pp cross section of 80 mb is used, including single
diffraction. The calculations are performed for the clock-
wise 450 GeV proton beam at injection and 7 TeV beam at
collisions.
Operational beam loss are simulated taking into account
beam-gas scattering using the ’97 version of the MARS
code [8], pp collisions at IP1 and IP5 using the DPMJET
code [9], and interactions of beam halo with primary colli-
mators using the ’97 version of the STRUCT code [10]. Con-
sequent multi-turn particle tracking in the full LHC lattice
[1], scoring particles lost at secondary collimators and at
all other limiting apertures are performed with the STRUCT
code. It is assumed that the beam loss rate in the beam
cleaning system is evenly distributed among the two pri-
mary collimators (horizontal and vertical) in IP3 and hori-
zontal collimator (momentum cleaning) in IP7, i. e. 109 p/s
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at each of them for each beam. Accidental beam loss are
described in detail in the next section.
Starting with the calculated beam loss distributions in
the lattice, shower simulations in the components of the
beam cleaning system, IRs and arcs are performed with the
MARS code taking into account all the lattice details, three-
dimensional geometry, material and magnetic field descrip-
tions. At this stage, energy deposition distributions in the
machine components and particle fluxes in the CMS and
ATLAS detectors are calculated.
3 BETATRON CLEANING
In our model, a betatron cleaning system is located in IP3.
In the collision mode at the nominal luminosity, the rate of
protons per beam leaving the stable central core is estimated
to be 2.4109 p/s [1]. Slightly more conservative rate of
3109 p/s is assumed in calculations. Proton impact pa-
rameter on the primary collimator is of the order of 1m.
Angular distributions of the beam after the primary colli-
mators have angular spread with rms2rad, being wider
for heavier materials.
Particles pass several times through the primary collima-
tor before being absorbed by it or lost at secondary colli-
mators or other accelerator apertures. At every interaction
with a beryllium primary collimator, 25.2% of particles de-
posit more than 30% of their energy and they are lost in the
nearest region downstream of the primary collimator and in
the secondary collimators. Corresponding fraction of parti-
cles for graphite is 12.6% and for tungsten is 2.3%. There-
fore, average number of particle passes through the primary
collimator is three times larger for tungsten collimator com-
pared to the beryllium one: 3.25 (Be), 4.55 (C) and 12 (W)
passes, respectively.
Although primary and secondary collimators are placed
at 6 and 7 from the beam axis, correspondingly[1], the
tails of halo are extended up to 8 at injection and up to
7.2 at the top energy. Large amplitude particles, which es-
cape from the cleaning system, are able to circulate without
hitting the aperture in the cold part of the machine, before
being captured by the collimators on the later turns. This
defines the circulating beam size for the physical aperture
calculations.
Calculated beam loss distribution in the LHC IP3 is
shown in Fig. 1 for beryllium collimator. Distributions
are similar for other collimators, but the rates are higher
for heavier materials: maximum beam loss rate in a 14.2
m long superconducting magnet is 4.7105 p/s for beryl-
lium, 7.8105 p/s for graphite and 2.7106 p/s for tung-
sten. These rates are below the limit for the LHC magnets
of 14.2  7106 p/s [11] and agree with the Yellow Book
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Figure 1: Beam loss distribution in the IP3 beam collima-
tion region at collisions for 150 mm beryllium primary col-
limator.
For the same thickness in units of radiation length
(0.42X0), higher rate of inelastic nuclear interactions in
beryllium and graphite primary collimators results in in-
creased irradiation of components in the collimation region
and at the beginning of the arc downstream of IP3. With
tungsten, this irradiation is lower, and significant fraction
of outscattered protons is intercepted by the secondary col-
limators.
4 MOMENTUM CLEANING
In our model, a momentum cleaning system is located in
IP7. The system consists of one horizontal primary and
three secondary collimators positioned similar to the beta-
tron cleaning system. Beam loss distribution at collimation
of 109 p/s in IP7 with a graphite horizontal primary collima-
tor is shown in Fig. 2 for the entire LHC lattice. The distri-
butions are not very different for other materials of the pri-
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Figure 2: Beam loss distribution in the LHC lattice issued
from the momentum cleaning for a 80 mm graphite primary
cillimator in IP7.
Figure 3 shows beam loss distributions in IP1 and IP5
for the simultaneous amplitude and momentum cleaning
with graphite primary collimators. Total beam loss in
IP1 (26500S26650 m) is 1.58105 p/s with beryl-
lium, 2.43105 p/s with graphite and 6.17106 p/s with
tungsten primary collimators. These are mostly produced
by the momentum cleaning system. Total beam loss in
IP5 (13129S13366 m) is 8.47105 p/s with beryllium,
1.52106 p/s with graphite and 4.21106 p/s with tungsten
















length = 80 mm


















length = 80 mm




Figure 3: Beam loss distribution in IP1 (top) and IP5 (bot-
tom) at collisionswith simultaneous amplitude and momen-
tum cleaning with a 80 mm graphite primary collimators.
5 BEAM CLEANING AT INJECTION
Even in good operational conditions, about 5% of the beam
(1.41013 particles) can be lost at the beginning of the ac-
celeration ramp during 0.2–1 s [12]. The quench level in the
superconducting magnets at injection is estimated to be of
the order of 1010 p/m [11]. If localized, the above loss can
cause additionally a serious problem for cryogenics and for
the accelerator component lifetime. Experience says that
detector components can also be a subject to increased irra-
diation at injection. Therefore, the interaction regions must
be well protected.
Beam loss distribution in the LHC lattice at injection
is shown in Figure 4. The interception of 7.01012 pro-
tons during one second by each of the horizontal and ver-
tical primary collimators in IP3 is assumed. The maximum
beam loss rate in superconducting magnets is found to be
2.70108 p/m with beryllium, 3.72108 p/m with graphite
and 5.12108 p/m with tungsten primary collimators, re-
spectively. These rates are below the quench level. The in-
jection lattice has no high- region in the vicinity of the in-
teraction regions. Therefore, the beam loss rates at injection
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Figure 4: Beam loss distribution in the LHC lattice at injec-
tion with a 1.5 mm tungsten primary collimator.
6 CONCLUSIONS
Effect of the LHC beam cleaning system operation on the
beam induced radiation effects in the entire machine has
been studied. Comparison of different materials for pri-
mary collimators has shown an advantage of beryllium and
graphite compared to tungsten, with almost 10 times lower
loss rates in the superconducting magnets. The beam loss
with pyrolytic graphite is about 60% larger compared to
beryllium, but taking into consideration alignement and
safety issues, pyrolytic graphite might be considered for the
LHC primary collimators. The maximum beam loss rate
in any single superconducting magnet is below the limit
even with tungsten primary collimator. In the IP1 and IP5
high-luminosity insertions, beam loss rates produced by the
beam cleaning system contribute about 10% to the total heat
load in the inner triplet components, which is dominated by
pp collisions. The maximum beam loss at injection, (2.70-
5.12)108 p/m, is 25 times below the limit defined in [11].
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